We report the self-assembly of ZnO x ͑0 Յ x Յ 1͒ ͑and permalloy͒ nanoclusters into hollow nanoparticles using pulsed laser ablation of bulk Zn ͑or permalloy͒ in ethanol-water binary mixture. The self-assembly is due to the trapping of laser-produced nanoclusters by the interfaces of cavitation bubbles and the bonding of the nanoclusters by capillary attraction. It was found that the bubbles generated in the mixture have significantly longer lifetimes compared to water alone, which provide an increasing chance to absorb diffusive nanoclusters. The mixture could be adjusted by adding viscous surfactant that makes the pulsed laser ablation in liquid a promising method for the discovery and fabrication of other hollow geometries.
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The value of metallic nanoparticles comes from the unique properties owing to the large surface to volume ratio but the understanding of most nanoparticle formation is ad hoc. Laser ablation of bulk materials in liquid media has been widely investigated for nanoparticle generation over the past decade. 1 The nanoparticles are usually solid and formed by the nucleation and growth of the laser-produced clusters in the liquid. [1] [2] [3] Recently, through a more careful examination and under the right experimental conditions, we found that excimer laser ablation of Pt and Al in water could also produce hollow nanoparticles. 4, 5 The presence of hollow nanoparticles appears not to be isolated to just these materials. In fact, the transmission electron microscopy ͑TEM͒ images in some recent papers also indicate the existence of hollow particles, for example, Fig. 5 in Ref. 6 and Fig. 7 in Ref. 7 showing the products of pulsed laser ablation of Ti and Al 2 O 3 targets in water, respectively; although they were not noticed or mentioned in the reports. 6, 7 The formation of hollow nanoparticles during laser ablation in liquid has not been considered possible, largely because they are usually a minority species found in the products. 4, 5 The hollow particles were proposed to form on the interface of laserinduced cavitation bubbles 5 but cavitation bubbles are unstable and generally collapse in microseconds. 8 The short lifetime makes it hard for a cavitation bubble to trap enough clusters by diffusion in liquid alone to form a shell, thus increasing the lifetimes of bubbles would make the method more generalized. Moreover, recent research shows that arbitrarily shaped cavitation bubbles can be generated in liquid by using laser intensity patterns, 9 thus trapping nanoclusters by laser-induced bubbles is a promising method for the discovery and growth of other unique hollow nanostructures that cannot be fabricated by other methods.
In this letter, we report the self-assembly of ZnO x ͑0 Յ x Յ 1͒ nanoclusters into hollow nanoparticles by excimer laser ablation of a bulk Zn target in an ethanol-water mixture. The self-assembly was not observed by laser ablation in distilled water. The formation of hollow nanoparticles was due to the absorption of ZnO x ͑0 Յ x Յ 1͒ nanoclusters by the interface of laser-induced bubbles. We found that the bubbles produced in ethanol-water mixtures have a much longer lifetime than bubbles in water, thus providing a larger chance to absorb enough nanoclusters and to form stable shells. Similar self-assembly behavior was observed by excimer laser ablation of permalloy in ethanol-water mixture.
In the experiments described herein, nanoparticles were fabricated by KrF excimer laser ablation of a Zn target in distilled water and ethanol-water mixture ͑mole fraction of ethanol x E = 0.24͒. The excimer laser was operated at 10 Hz with fluence of 8.4 J / cm 2 . The detailed experiment procedure was published elsewhere. 4 We also performed excimer laser ablation of a Si target in water ͑fluence 1.7 J / cm 2 ͒, a permalloy target ͑Ni 81 wt %, Fe 19 wt %͒ in ethanol-water mixture ͑x E = 0.09, fluence 16.8 J / cm 2 ͒ and a Ag target in ethanol-water mixture ͑x E = 0.09͒ with the addition of Triton X-100 ͑0.06% vol/vol, fluence 4.2 J / cm 2 ͒. The products collected from the liquid were spun down using a centrifuge and characterized by scanning EM ͑SEM, JEOL JSM-6330F͒ and TEM ͑Philip CM12͒ equipped with selected area electron diffraction ͑SAED͒.
It is observed that dispersed nanoclusters with sizes below 5 nm were produced in water. Similar nanoclusters were produced in the ethanol-water mixture, but some of them assembled into hollow nanoparticles. Figures 1͑a͒ and 1͑b͒ show the TEM images of the products with the arrows indicate the assemblies. The hollow nanoparticles are not always spherical, such as those shown in Fig. 1͑b͒ . And some nanoparticles are very small; the ones indicated by the arrows in Fig. 1͑c͒ is only 20 nm in diameter. The corresponding SAED pattern in Fig. 1͑d͒ reveals that the products are also partially oxidized Zn. We also ablated the Zn in pure ethanol but did not obtain products and only a large amount of bubbles were generated from the target surface.
We consider that the self-assembly of the nanoclusters into hollow nanoparticles was caused by laser-induced bubbles in the liquid. The laser irradiation of the target causes the raising of the surface temperature above the boiling temperature of the liquid, resulting in the formation of vapor bubbles at the solid-liquid interface. 10 The excimer laser could also cause optical breakdown of water and induce cavitation bubbles. 11 The bubble interface can be considered as a trap for the laser-produced ZnO x ͑0 Յ x Յ 1͒ nanoclusters. The change in surface free energy for the combination of a nanocluster with the bubble interface is given by
where r is the radius of the nanocluster, ␥ is the surface tension of the bubble interface, and is the contact angle of the nanoparticle with the liquid. Thus the reduction in free energy provides the driving force for the absorption of nanocluster, and once a nanocluster is absorbed by the bubble interface, the energy barrier ͉⌬G͉ will hinder its escape. Considering a ZnO nanocluster with r = 2 nm in the ethanolwater mixture at 20°C, ␥ Ϸ 30ϫ 10 −3 N / m, 13 Ϸ 30°, 14 calculation shows ⌬G = −12.5 k B T ͑k B is the Boltzmann constant and T = 293 K͒, and ͉⌬G͉ is much larger than the thermal energy of the nanocluster. Thus, the nanocluster can be considered as being irreversibly trapped by the bubble interface. The nanoclusters could build a network structure that is bound by capillary attraction, 2,15 especially during the shrinking of the bubble as the areal density of the nanoclusters is increasing. Thus, this bonding generates a steric barrier pinning the interface motion and finally a hollow nanoparticle is self-assembled. The energy barrier in pure water is about 30.3 k B T making it energetically favorable for bubbles in the water to trap nanoclusters. However, the cavitation bubbles in water are unstable and will collapse quickly unless it absorbs enough nanoclusters and forms a rigid shell which pins the interface motion. 12 In the absence of gas content and thermal effects, the time t required for complete collapse of a spherical cavitation bubble is given by the Rayleigh's formula
where L is the density of the liquid, P ϱ is the ambient pressure, P v is the vapor pressure, and R m is the maximum radius of the bubble. For water L = 998.2 kg/ m 3 , P = 100 kPa, and P v = 2.33 kPa at 20°C, 8 thus t of a bubble with R m =10 m is only 925 ns. Considering the Brownian motion of the nanoclusters in liquid, the diffusion coefficient is given by
where is the dynamic viscosity of the liquid. For a nanocluster with r = 2 nm in water at 20°C, D = 1.07 ϫ 10 −10 m 2 / s. The root-mean square displacement of the nanocluster in 925 ns is ͱ 6Dt = 24 nm, which is too small compared with the bubble size and it will be hard for enough nanoclusters to diffuse to the interface. The predisposition to hollow particles formation in the ethanol-water mixture indicates that the laser-induced bubbles in the mixed solution are much different. To reveal the bubble dynamics we used an ArF excimer laser system equipped with a colinear charge-coupled-device camera to ablate the Zn target in water and the ethanol-water mixture. The laser was operated at 10 Hz with fluence of 5J / cm 2 . A laser-induced microbubble in water disappeared within 1 s but it is surprising that the laser-induced bubbles in the mixture have considerably longer lifetime. Figure 2͑a͒ shows the size reduction curves of three bubbles from their maximum radius, while the images of the bubbles are shown in the insets. The three bubbles with maximum radius of 10 m, 19 m, and 22 m exist for 20 s, 66 s, and 99 s, respectively. The diffusion coefficient of the nanocluster with r = 2 nm in the ethanol-water is 4.2ϫ 10 −11 m 2 / s, the rootmean square displacement of the nanocluster in 20 s is 71 m, thus the bubble has a large chance to absorb enough diffusive nanoclusters. We consider that the bubble dynamics in the ethanol-water mixture is determined by the mass diffusion of their vapor content. 15 It involves significant thermal effects, thus the Rayleigh's formula is not suitable in this case. Research has shown that ethanol-water mixture has microscopic phase separation at the cluster level. 16 It is known that the number density of the embryonic bubbles increases exponentially with the liquid superheat. 10 The boiling temperature of ethanol is lower than that of water at ambient pressure. In the superheated liquid layer above the laser irradiated target surface, the ethanol-rich clusters will preferably form a foamy layer, which coalescence and form vapor bubbles. 10 At collapse, the motion of the bubble interface is limited by the transfer of vapor out of the bubble, namely, the diffusion of the ethanol-rich vapor to the interface and condensation. The vapor transport in bubbles is diffusion limited, and the time scale of the vapor diffusion dif ϰ R 2 .
15 Figure 2͑b͒ plots the square of the bubble radius versus the collapse time, namely, the time before the complete collapse of a shrinking bubble. The curves are nearly linear except the early part of each collapse, probably due to that in the early part the dynamic time-scale of the bubble motions is longer than the diffusion time-scale and the mass diffusion does not dominate. 15 The formation of hollow particles on bubble interfaces was also observed in other synthetic environment. A recent report shows that hollow Au nanoparticles could form on H 2 gas bubbles generated during electrochemical deposition. 17 However, gas bubbles are generally spherical and stable, 17 which are different from the dynamic cavitation bubbles. Nevertheless, the cavitation bubbles may benefit from a liquid saturated with hydrogen because the hydrogen clusters could serve as nuclei for cavitation bubbles and also increase the bubble lifetimes after being included in the bubbles. 15 The merit of laser-induced cavitation is that the shape of cavitation bubbles could be designed by adjusting the laser intensity distribution thus providing a chance to fabricate hollow particles with desired shapes, 9 which would benefit fundamental investigations in the future.
The long lifetime of cavitation bubbles in ethanol-water mixture provides the chance to fabricate hollow particles from other bulk materials. Hollow nanoparticles have also been fabricated by excimer laser ablation of a permalloy target in ethanol-water mixture. The hollow nanoparticles aggregated by nanoclusters can be identified in Fig. 3͑a͒ , and the shell of a typical hollow nanoparticle can be clearly observed in Fig. 3͑b͒ . The ability to form hollow particles on bubbles depends on the target material. Hollow particles could be formed by laser ablation of Si only using water as shown in Fig. 3͑c͒ . And Fig. 3͑d͒ shows a broken shell, on the inside face many nanoparticles could be observed, further demonstrating the bubble interface pinning effect. However, our experiments indicate that Ag is less likely to form hollow particles even by laser ablation in ethanol-water mixture. By adding Triton X-100 ͑0.06% vol/vol͒, a viscous surfactant, into ethanol-water mixture ͑x E = 0.09͒ hollow Ag particles could be obtained as shown in Figs. 3͑e͒ and 3͑f͒ , probably because the lifetimes of cavitation bubbles could be further increased by increasing the viscosity of liquid. 18 As this method also applies to Zn, Fe-Ni, and Si, it is likely that it may be extended to other materials. In summary, hollow nanoparticles self-assembled from nanoclusters have been fabricated by excimer laser ablation of Zn and Fe-Ni alloy targets in ethanol-water binary mixture. We considered that the self-assembly is caused by the absorption of laser-produced nanoclusters on the interface of laser-induced cavitation bubbles. It is found that the bubbles generated in ethanol-water mixture have significantly long lifetimes, which are determined by the mass diffusion of ethanol-rich vapor in the bubbles. The long lifetimes of cavitation bubbles in the binary mixture provide larger chance to absorb enough diffusive nanoclusters to form shells that prevent the completely collapse of the bubbles, and the mixture could be further adjusted by adding viscous surfactant such as Triton X-100, making the laser-ablation in liquid technique promising for hollow nanoparticle fabrication in other materials. FIG. 3 . ͓͑a͒ and ͑b͔͒ TEM images of nanoparticles fabricated by laser ablation of Fe-Ni alloy in ethanol-water mixture ͑x E = 0.09͒. SEM images of ͓͑c͒ and ͑d͔͒ hollow particles formed by laser ablation of Si in water and ͓͑e͒ and ͑f͔͒ hollow particles formed by laser ablation of Ag in ethanol-water mixture with Triton X-100.
